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Normally, in fish fin regeneration, bone regenerates from bone. But what happens when there is no bone?
Singh et al. (2012) show in this issue of Developmental Cell that the bony rays still regenerate from an alter-
native cell source.The source of cells for regeneration has
been a hotly debated issue for over a
century. But in recent years techniques
have finally become available that enable
this long-standing question to be solved.
Singh et al. (2012) in this issue ofDevelop-
mental Cell provide a particularly inter-
esting example that involves ablating the
normal cell of origin and showing that, in
its absence, regeneration can occur
from an alternative cell source.
The work concerns the regeneration of
the caudal fin of the zebrafish. The fin
consists of a set of bony rays, each com-
posed of two half cylinders of bone with
a single layer of osteoblasts on the inner
and outer surfaces. Ossification is direct,
without prior formation of a cartilage
model. Outside the rays lies the epi-
dermis, and inside are fibroblast-like cells
together with nerves, blood vessels, and
pigment cells. After 50% amputation, the
fin regenerates in about 2 weeks. Pre-
vious work that used several techniques
has shown that the bony rays regenerate
from the rays of the stump, with the oste-
oblasts near the cut surface proliferating
to generate the distal part of each ray
(Knopf et al., 2011; Sousa et al., 2011;
Tu and Johnson, 2011).
Singh et al. first confirm that this is the
case for normal regeneration by using
transgenic zebrafish carrying an Osterix-
CreER x Red-Green reporter. The CreER
labeling technique provides heritable
labeling and thus is superior to simple
reporters, in which the label is lost if the
cell type changes. Osterix is a zinc finger
transcription factor essential for osteo-
blast differentiation and also important
for mature osteoblast function. Due to
the specificity of the promoter, the CreER
is present only in osteoblasts. The Red-
Green reporter normally expresses
DsRed, but after Cre-mediated DNA exci-
sion, it expresses EGFP instead. Aftera dose of 4-hydroxytamoxifen to activate
the CreER, a proportion of the cells in
the bony rays become green. After 50%
amputation of the fin, the authors observe
that trails of green cells contribute to the
formation of the regenerating parts of
the rays. This is entirely consistent with
the previous studies.
The authors then ask what would
happen if the osteoblasts of the stump
were ablated. They employ the gene for
Escherichia coli nitroreductase, which
has been used for cell ablation in rodents
and has recently been adapted for use in
the zebrafish (Pisharath et al., 2007).
This enzyme converts the drug metroni-
dazole into a toxic product, which kills
the cell expressing the enzyme but
has minimal effects on neighboring
structures.
Singh et al. prepare transgenic zebra-
fish in which the nitroreductase gene is
driven by the Osterix promoter. For ease
of visualization, they fused the nitroreduc-
tase coding region to the coding region for
the fluorescent protein mCherry. When
they treat these transgenic fish with
metronidazole for 1 day, the osteoblasts,
visualized by the mCherry, are rapidly
lost. Surprisingly, the fish are still viable,
presumably because the nonbony con-
nective tissues provide them with suffi-
cient strength and rigidity. Even more
surprisingly, when the caudal fin is ampu-
tated it regenerates as normal, and the
new fin has the usual complement of
bony rays.
To make quite sure that the new bony
rays are not derived from osteoblasts
that had survived but lost their fluorescent
marker, the authors prelabel the bone
using the Osterix-CreER x Red-Green
reporter system mentioned above. They
cross this line with the Osterix-mCherry-
nitroreductase so that both transgenes
are present in the same fish. TreatmentDevelopmental Celwith 4-hydroxytamoxifen activates the
CreER, which excises the red reporter
and allows expression of the green.
Following treatment with metronidazole,
all the green cells disappear. Amputation
of the caudal fin is followed by the usual
regeneration, but green cells do not reap-
pear. Treating the regenerating animals
again with 4-hydroxytamoxifen does
lead to the appearance of green cells in
the regenerated rays. These are newoste-
oblasts, but, because they were red and
not green prior to the second 4-hydroxy-
tamoxifen treatment, they must have
arisen from some other cell type in the
regenerating area. Some limited expres-
sion of mCherry in the fibroblasts, which
normally lie within the rays, makes them
the most probable source for new osteo-
blast formation; however, no genetic label
is currently available for zebrafish fibro-
blasts, so this hypothesis cannot be easily
tested.
This work illustrates two interesting
points. First, it shows that there really can
be metaplasia in regeneration. The use of
lineage label technology has shown that
most regeneration proceeds from existing
tissues without transformation of cell type
(Gargioli and Slack, 2004; Kragl et al.,
2009). But this does not mean that meta-
plasia never happens. It has long been
known that the dermis of skin grafts in the
axolotl can populate the cartilage of a re-
generated skeleton (Figure 1), and classic
experiments showed that pure cartilage
grafts could populate the dermis and joint
connective tissue, as well as the cartilage
of a regenerating limb (Namenwirth,
1974). Now the zebrafish example can be
added to known examples of regenerative
metaplasia between the various connec-
tive tissue types (fibroblast, tendon, liga-
ment, cartilage, and bone).
Second, it is an interesting example of
‘‘facultative regeneration.’’ Normally thel 22, April 17, 2012 ª2012 Elsevier Inc. 689
Figure 1. Metaplasia between Connective Tissues
Skin, including the dermal layer, was grafted from the limb of a triploid to
a diploid axolotl. The limb was amputated through the graft and allowed to
regenerate. Triploid cells are clearly visible in the cartilage of the regenerated
limb.
(A and A0) Nomarski pictures of tail tip cells from diploid and triploid axolotls
showing one nucleolus per chromosome set.
(B) Cartilage cell in a triploid animal.
(C) Triploid cell in the regeneration blastema after a skin graft and amputation.
(D) Triploid cell in the cartilage after differentiation of the regenerate. Arrows
indicate nucleoli in triploid cells. See Slack, 1980.
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Previewsfibroblasts do not regenerate
bone, but in the absence of
bone they are recruited to
do so. The mammalian liver
provides another example
for this type of regeneration.
If a part of the liver is surgi-
cally removed, the remainder
proliferates to restore the
overall organ size. In this pro-
cess, the new hepatocytes
are formed by division of ex-
isting ones. But if the animals
have been treated with a drug
to suppress division of hepa-
tocytes, then regeneration
still takes place, but now the
new hepatocytes arise from
oval cells, which are small
cells lying in the periportal
regions that somewhat re-
semble embryonic hepato-
blasts (Alison et al., 1996).
What these phenomena may
have in common is that the
fibroblasts of the fish fin and
the oval cells of the liver are
both types of stem cell, ca-
pable of reproducing them-
selves and of generating
differentiated progeny. But
they are ‘‘facultative’’ stem
cells, not continuously active
in tissue renewal like the
stem cells of the blood or
skin. The fibroblasts of the
fish fin may turn out to be
similar to the mesenchymal
stem cells (MSCs) of the
mammalian bone marrow.Although MSCs in vitro are able to form
either bone or cartilage or adipose tissue
in suitable media, it is likely that in vivo
their true role is as stem cells for bone.690 Developmental Cell 22, April 17, 2012 ª2In conclusion, modern cell lineage
labeling techniques are finally elucidating
the source of cells for regeneration. But
this example illustrates that cell lineage012 Elsevier Inc.may differ in different circum-
stances, so a full account
requires exploration of the
effects of abnormal sce-
narios, as well as an under-
standing of the normal
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